Introduction
Atlantic cod spawning occurs most months throughout the Northeast US continental shelf peaking from February to April with the highest egg distributions occurring on the Northeast Peak of Georges Bank, around the perimeter of the Gulf of Maine (GOM) and the inner shelf off southern New England (SNE) (Lough, 2004) . Generally, peak spawning occurs in winter during mild conditions and in more northerly areas and later in spring when winters are colder and the winds are stronger. Larvae and pelagic juveniles are broadly distributed throughout the region, but by settlement at 4 -6 cm the demersal 0-group juveniles are epibenthic invertebrates. The distribution patterns of these four abundant and important copepod species in the region results from the complex interactions of life history traits and the variable biological processes and circulation patterns (Durbin and Casas, 2006; Ji et al., 2009; Stegert et al., 2012) . Calanus finmarchicus and Centropages typicus are egg broadcast spawners, whereas Pseudocalanus spp. are egg carrying spawners and Centropages hamatus is a resting egg spawner. Calanus finmarchicus is an oceanic species that requires deep water for diapause in autumn to complete its life cycle. It emerges from diapause in the deep water basins to the surface in the GOM and the offspring are transported onto Georges Bank in early winter reaching maximum abundance in spring. In the Middle Atlantic Bight (MAB) C. fimarchicus also has a similar distribution and abundance pattern likely originating in the GOM (Kane, 2005) . Two species of Pseudocalanus found on the northeast shelf are cold water species with different source regions. Pseudocalanus moultoni appears to originate in the inshore regions of the western GOM, whereas P. newmani appear to cross over from the Scotian Shelf (Bucklin et al., 2001) . Their abundance is low during fall and winter in the GOM. On Georges Bank, the two species intermix and reach maximum abundance by May -June. Centropages typicus and C. hamatus are warm-water species that tend to be located more southerly on the shelf (Durbin and Kane, 2007) . Centropages typicus reaches maximum abundance in the late summer -early fall and has a widespread distribution. In contrast, C. hamatus adults are for the most part restricted to the crest of Georges Bank and have peak abundance in summer.
A recent study suggests that decadal changes in nutrient supply and water column stability related to the North Atlantic Oscillations are responsible for changes in phytoplankton phenology and production leading to changes in the copepod species assemblages in the GOM (Ji et al., 2013) . In addition, studies using coupled biological -physical modelling for the GOM -Georges Bank region (Ji et al., 2009) suggest that the egg carrying spawning strategy and short generational time of Pseudocalanus spp. in cold water is the major reason for its peak abundance in spring and early summer. The decline during summer has been negatively correlated with warmer temperatures and presence of salps, perhaps indirectly reducing the availability of phytoplankton as food (Kane, 2014) . Centropages typicus increases in abundance during summer and is known to prey on the young stages of copepods. A consequence of these species characteristics is that climate warming may likely enhance the seasonal growth of C. typicus and therefore increase their abundance and expand their distribution (Ji et al., 2009 ). Future warming may also limit the early growth of Pseudocalanus spp. during winter and later in early summer.
Shifts in the zooplankton community caused by changes in climatic conditions have been observed in the past. A major shift towards warmer conditions associated with circulation changes occurred on Georges Bank between the 1980s and 1990s had implications for the recruitment of marine fish (Kane, 2007; Kane, 2014; Mountain and Kane, 2010; Friedland et al., 2013; Bi et al., 2014) . In fact, changes in prey abundance combined with warmer temperatures promoted higher potential growth and survival rates, enhancing recruitment. The warmer years of the 1990s were associated with earlier spring blooms and higher abundances of zooplankton prey for larval cod. The greater growth of larval cod in 1997-1999, compared with 1995 and 1996 , was highly correlated with the increased abundance of their principle prey Pseudocalanus spp. (Buckley and Durbin, 2006) . Also, larval mortality estimated from field surveys was lower in 1997 -1999 , compared with 1995 and 1996 , inferring greater survival (Mountain et al., 2008 . Higher growth also leads to lower mortality rates as larger larvae and juveniles have less potential predators, such as invertebrates and vertebrates, which combined are likely the critical factor affecting mortality. Buckley et al. (2010) examined the ratio of larval mortality to growth from the 1995-1999 surveys as an index of seasonal changes in cohort biomass. When mortality falls below growth, a window of opportunity occurs which allows the cohort biomass to increase. Variability in the ratio can be related to seasonally increasing photoperiod, temperature, copepod prey, and predators. Buckley et al. (2010) found that larval mortality was positively related to Georges Bank temperature reaching a minimum in March. However, by May, the temperature only increased by a few degrees, whereas there was a large increase in mortality, greater than can be accounted by metabolic processes alone, inferring the importance of predation. The greater larval growth and survivors, especially in 1998 and 1999, could be related to a greater and earlier window of opportunity in the season. The hypothesis is that hatching earlier in the seasonal cycle may allow the larvae to grow faster and beat the increase in predators. An earlier spring bloom can also lead to a longer season allowing for a higher integrated number of larval fish to survive to reach the juvenile stages (Kristiansen et al., 2011) . Regardless, the differences in larval growth and survival did not correspond to the age-1 recruitment numbers for those years (Lough and O'Brien, 2012) . Thus, Mountain and Kane (2010) concluded that changes in the cod/ haddock survivorship between the 1980s and 1990s reflected changes primarily during the juvenile stage, rather than the larval stage. Kane (2007) suggested that the decadal shift in the zooplankton community in 1990s on Georges Bank most likely originated from the greater contribution of Scotian Shelf water and associated plankton. However, the influx of cooler, fresher water, and associated more northern plankton species did not appear to affect the MAB (Kane, 2011) . The continued warming trends since the late 1990s (1997 -2011) have decreased cold water habitats on the northeast continental shelf necessary for the longterm survival of cold water zooplankton such as Pseudocalanus spp. and C. finmarchicus (Kane, 2007; Hare and Kane, 2012; Friedland et al., 2013) . Friedland et al. (2013) hypothesized that the winter spawning cod (February -March) on Georges Bank and Eastern GOM were linked to the decline of Pseudocalanus spp. in these areas, either through changes in advection, primary production and/or predation. While the past focus has been on growth and survival of the larval stage of cod on Georges Bank, we want to extend the scope to the pelagic juveniles and the broader New England Shelf (Figure 1 ). Pelagic juveniles are still preying on the smaller plankton before bottom settlement and switching to more benthic prey. While settlement is considered a critical period especially in regards to predation, environmental conditions during the pelagic juvenile period can determine their fitness to survive predation (Lough, 2010) . The objective of this study is to evaluate the potential growth of pelagic juvenile cod in relation to their zooplankton prey distribution and abundance in five areas of the New England Shelf during the winter -spring time series of plankton surveys, 1978 -2006. The hypothesis that juvenile growth is related to recruitment is explored for Georges Bank cod through generalized additive models (GAMs). 
Methods

Zooplankton time series
The Marine Resources Monitoring, Assessment, and Prediction (MARMAP) programme and the Ecosystem Monitoring (EcoMon) programme plankton surveys were conducted approximately bimonthly on the US northeast continental shelf since the late 1970s using a stratified random design. At each station, a 61-cm diameter bongo net with 0.333-mm mesh nets sampled the water column to a maximum depth of 200 m. Surface temperatures were made at all stations by bucket samples or vessel thermistor from 1977 to 1999. A conductivity-temperature-depth instrument was attached above the bongo net frame beginning in 1987. Zooplankton was sorted, counted, and identified to the lowest level possible. See Kane (2007) for details of the zooplankton and environmental data. The coarse mesh net captures the larger copepod stages, but still under samples species such as Pseudocalanus spp., Centropages spp., and Oithona spp. completely (Kane, 2007) . Nevertheless, those species stages retained by the 0.333-mm mesh nets are most vulnerable to the pelagic juvenile cod based on their gut contents. Stomach contents of pelagic juvenile cod collected by 10-m 2 MOCNESS on Georges Bank during June 1984 and 1986 indicated their prey selection was primarily Pseudocalanus spp. and Centropages spp. (Auditore et al., 1988) . Within the standard length range of 9 -19 mm, Pseudocalanus spp. prey selection ranged 28 -53% and Centropages spp. ranged 21-40% of the total prey. This study used the 1978-2006 MARMAP time-series of four potential prey taxa of pelagic juvenile cod that included Pseudocalanus spp., C. finmarchicus, C. typicus, and C. hamatus. The two species of Pseudocalanus (moultoni and newmani) were not identified separately. For each tow, the copepod stages were standardized to mean water column prey density (no. m 23 ). Also, the stages were converted to dry weight (Lough et al., 2005) , summed, and standardized to mean prey biomass (mg m 23 ).
Model simulations
A mechanistic individual-based model (IBM) was used to estimate the spatial and temporal variation in growth potential for juvenile cod (Gadus morhua) across the northeast region. The IBM ( Figure 2 ) takes ocean temperature, wind at the surface, modelled light, and prey abundance of four key prey species at different nauplii and copepodite stages as input. The input data were based on bimonthly observations from the MARMAP/EcoMon surveys 1977-2006. The annual, seasonal, and geographical variation in temperature, wind, light, and prey is important environmental characteristics that strongly affect the modelled growth and survival. Here, turbulence at depth was estimated assuming a constant Spatial heterogeneity of zooplankton leads to interannual variation in juvenile fish growth Figure 2 . A schematic of the modelling setup consisting of the observations from the MARMAP/EcoMon surveys, and the IBM. Temperature and prey abundance (four species at six stages each) data were used to force the IBM directly. The prey abundance was used as input to a mechanistic IBM that simulated the feeding ecology and bioenergetics of larval cod. Growth was either food-limited or temperature-limited (growth saturated) depending on how much prey the larva consumed in one time-step and the amount of food in the stomach. 2552 R. G. Lough and T. Kristiansen seasonally averaged surface wind, while light was modelled as a function of day of the year, latitude, and depth (Skartveit and Olseth, 1987) . The light attenuation coefficient in the water column was assumed constant (k ¼ 0.18) with values typically observed on Georges Bank during May (Lough et al., 2005) . For each station observation during MARMAP/EcoMon surveys, temperatures were averaged over the upper 20 m to capture the seasonal surface warming in late spring.
The IBM is a composite of important processes that affect feeding, growth, development, metabolism, and stomach fullness of larval and juvenile cod. The mechanistic feeding component of the IBM simulated the highly variable, non-linear interactions between each individual juvenile with the environment. The environment was modelled based on the external forcing mentioned above. For each time step in the model (1 h), the encounter rate, approach and capture success, ingestion and specific growth rates (SGRs) were calculated sequentially (see details in Kristiansen et al., 2009 ). If the fish was able to encounter and capture enough prey items (biomass) to meet energetic demands limited by upper physiological constraints (Folkvord, 2005) , growth was assumed to be temperature limited and not prey limited. Otherwise growth rate was assumed to be food limited and constrained by the amount of food available in the stomach (Kristiansen et al., 2007 (Kristiansen et al., , 2009 ) and temperature limited though its effect on respiration. Behaviourally, the fish in the IBM were limited: each fish was constrained vertically at 20-m depth near the seasonal thermocline, which also is the average depth where most juvenile fish are observed on Georges Bank (Lough and Potter, 1993) . Fish were kept at constant depth to allow for easy comparison of growth patterns across regions. The fish were also constrained horizontally and not allowed to move, which allowed us to simulate feeding and growth potential at a fixed position in space over a short period. Also, the predation module was not used in these simulations.
SGRs of juvenile fish were averaged over 6 d of simulations. Since the fish were fixed at depth in the simulations, the cost of swimming was not added to the total metabolic cost. Fish were allowed to attempt to capture all copepod stages, although ingestion was limited to prey smaller than their mouth gape, where gape-size depends on size of the fish. Capture success also depended on reaction distance to the prey, light level at depth (visual feeders depend on light to see their prey), water quality (horizontal visibility of prey), prey species and stage-specific escape behaviour, and turbulence (see Kristiansen et al., 2011 Kristiansen et al., , 2009 Fiksen and MacKenzie, 2002 for details). Details of the bioenergetics model can be found in Kristiansen et al. (2011 Kristiansen et al. ( , 2009 ) except the function for respiration rate for cod, which was taken from Lough et al. (2005) .
Average daily growth was estimated for each time and place where surveys were conducted and because of this setup, there is no drift of juveniles that affects the spatial distributions; rather the distributions are identical with the grid of stations conducted by the survey for the specific time. Growth patterns were estimated for three sizes of fish (12, 15, and 18 mm SL) during January -February, March -April, and May -June for the each year, 1977 -2006.
The Northeast US Atlantic continental shelf was divided into five areas for analysis ( Figure 1 ): GOM, Eastern Georges Bank (EGB), Western Georges Bank (WGB), SNE, and MAB. Friedland and Hare (2007) examined the long-term trends in sea surface temperature (SST) on the continental shelf of the northeast United States based on principal component analysis of the observed patterns of SST and circulation. They defined coherent subareas as MAB, SNE, GB, WGOM and EGOM. Our areas generally coincide with their WGOM (GOM), GB (EGB, WGB), SNE, and MAB. The Georges Bank area was selected for additional analysis below because there were more available early life history data from field surveys and experimental studies. Our Georges Bank area was arbitrarily divided into eastern and western areas based on the early life history of cod and seasonal differences in water properties. Cod generally spawn on EGB in winter-early spring and the larvae and pelagic juveniles are transported southwest to WGB by spring. EGB is more under the influence of cooler, fresher Scotian Shelf water and events such as Scotian Shelf overflows (Brink et al. 2009 ). EGB water is cooler and fresher than WGB in spring as seasonal warming occurs. EGB has deeper bathymetry, whereas WGB is relatively shallow so that water remains well-mixed under strong tides. WGB conditions are more similar to those of SNE than EGB. The SNE area as outlined has relatively uniform near surface conditions alongshelf.
The number of stations sampled within each of the five defined areas and three bimonths during the MARMAP time series 1978-2006 is shown in Table 1 . A minimum number of positive stations (29) were required to produce a shelf-wide distribution plot and a few year-months of potential cod growth are shown as examples. The derived SGRs were in the reasonable range for the bimonthly periods based on RNA/DNA analyses for 12 mm cod: January -February 2 -4% d 21 , March-April 6-8% d 21 , May-June 8-16% d 21 . Thus, the simulated SGRs were comparable with the observed growth rates of 8 -16% d 21 for Georges Bank larval cod at the end of 12 mm when they transition to pelagic juveniles in May-June. Growth trends for all three sizes were more similar than different, although the 12 mm fish had lower and sometimes negative growth in January-February. The 15-mm fish was chosen as the most representative of the pelagic juveniles for further analyses. Time-series plots also were made for total copepod density (no. m 23 ) and copepod biomass (mg m 23 ), density of C. finmarchicus, Pseudocalanus spp., C. typicus and C. hamatus density, and for bimonths (January-February, March-April, and May-June) and for the five areas (EGB, WGB, GOM, SNE, and MAB).
Prey preference for the three sizes of pelagic juveniles cod was estimated over the time series as described in Fiksen and MacKenzie (2002) :
where P s , average prey size; P L , prey length; P a , prey abundance; P ca , prey capture probability, and i is the index of the prey item. In total, we used four species each with seven stages resulting in N ¼ 28.
Prey preferences were annually averaged then smoothed with a running average of 5 years. Plots were made over the time series showing the relative size ratio (average-prey-size/average-cod-size). The mechanistic feeding component of the IBM predicts the optimal average size ratio between larvae/juveniles and prey to be 0.07 as this will provide them with big prey with a high probability of capture. If large prey is not available, or if the prey is too large (larvae are gape and capture limited), the only option for the larvae is to feed on the smaller prey items which reduces the relative ratio between the size of prey and juveniles.
Spatial heterogeneity of zooplankton leads to interannual variation in juvenile fish growth 1  10  22  23  13  4  133  1983  11  11  13  13  15  16  16  24  1  12  132  1984  10  10  12  16  16  23  23  15  13  138  1985  12  12  10  12  13  15  6  3  3  28  21  22  14  15  14  200  1986  24  7  12  11  17  13  25  22  14  15  160  1987  24  12  11  13  1  21  24  14  18  138  1988  10  14  24  1989  30  27  21  35  113  1990  18  6  23  10  18  57  3  135  1991  60  49  18  11  95  233  1992  29  10  45  14  30  79  18  1  4  230  1993  31  14  26  11  15  7  64  16  12  2  198  1994  15  18  1  20  14  15  7  46  13  149 Table S1 ). The other variables were derived from this study had significant gaps in time series (Table 1) . Due to the limited data available, our objective was to only establish trends and not build a forecasting model. The dependent variables (age-1 R × 10 6 , R/SSB) were modelled separately by GAM using a Poisson distribution with a Log link function. Different combinations of the independent variables Spatial heterogeneity of zooplankton leads to interannual variation in juvenile fish growth were modelled to provide the best predictor for the dependent variable. All degrees of freedom were set to 4. For each continuous predictor variable, STATISTICA computes the cubic spline scatterplot smoother, along with the 95% confidence bands and the observed predictor values plotted against the partial residuals. For computational details, see Hastie and Tibshirani (1990) . Results are summarized at the point of convergence and displayed values include the final deviance, the residual degrees of freedom, the number of cases, number of iterations, the estimate of the scale value, and a value of R 2 computed as the relative improvement in the overall deviance for the final model, which provided an overall index of the goodness of fit of the model.
Results
SGR for 12, 15, and 18 mm cod, EGB and WGB, bimonth time series An initial SGR comparison of the three cod size classes only for EGB and WGB, 1978-2006 , can be seen in Supplementary Figure S1 . During January-February, there were many negative SGR values over the time series for all three sizes of cod, especially for the 12 mm cod; however, SGR was more consistently positive on WGB compared with EGB. The 12 mm fish also had higher SGR during the May-June 1980s on WGB compared with EGB. During March-April, SGR was similar to those during January-February and about the same for all size classes. During May-June, SGR reached its highest values (12-14% d 21 ) for 15 mm fish. May-June and March-April had relatively high growth rates in the early 1980s decreasing to the time series low in the 1990s, increasing to a high again in the early 2000s. The 2000s period tended to have higher growth rates than the 1980s period. The 15-mm fish were selected to best represent the average potential growth response for the pelagic juvenile period.
SGR 15 mm cod, all areas, bimonth time series
The annual time series of 15-mm cod growth is presented in bimonth plots for each of the five areas to show the data gaps and variability (Figure 3) . The largest data gap was for the May -June 1990s, whereas the March-April data were the most consistent through the time series for all areas. The most consistent growth for all bimonths appeared to be in WGB and SNE. January -February and March-April growth were usually similar; however, January -February growth could be lower and negative, especially for GOM and EGB. Highest growth in all areas was in May-June early 1980s and early 2000s.
SGR 15-mm cod, all areas, bimonths, 3 periods
The 15-mm cod SGR is grouped into years 1978-1989, 1990-1999, and 2000-2006, each panel showing the bimonth mean values with 95% standard error confidence intervals by each area (Figure 4 ). Cod SGR were similarly low (1-7% d 21 ) during January -February and March-April from EGB to MAB and highest during May-June (8-14% d 21 ). During May-June, SGR increased from EGB to 1978 -1989, 1990 -1999, and 2000 -2006 
Preferred predator-prey size ratio
Based on the most frequently eaten copepod prey in the simulated time series, the prey/fish size ratios for three sizes of fish are shown for each of the five regions in Figure 5 . Prey/fish ratios near and above 0.07 are considered optimal for growth since they are eating large prey relative to their size. The prey/fish ratios for the 12-mm fish were all .0.07 for all areas over the time series (Figure 5a ). However, prey/fish ratios for a 12-mm fish were highest in the early 1980s and declined to 1990 and increased again in latter half of 1990s, and decline after 2000. The 12-mm fish pattern corresponds to the plankton community changes 1980, 1990, and 2000 . In contrast to the 12-mm fish, the 15-and 18-mm juveniles had lower prey/fish ratios (smaller prey) that reached a plateau during the 1990s, the 15-mm fish near 0.07 (Figure 5b ) and the 18-mm fish near 0.059 (Figure 5c ). The WGB area had the highest ratios for the 12-mm fish over the time series. MAB ratios could fluctuate extremely some years compared with the other areas. The MAB had the lowest ratios for 12-mm fish and the highest ratios for the 15-and 18-mm juveniles that may reflect the abundance of larger copepods.
Copepod density, biomass and temperature, all areas, bimonth time series
The annual time series of copepod density and biomass were examined initially in bimonth plots for each of the five areas (see Supplementary Figure S2 ). Copepod density and biomass were very low in January -February, increased in March-April and generally reached highest values in May-June across all areas. The March-April densities began to increase in the 1990s continuing into the 2000s. May -June densities were high in the early 1980s and early 2000s. Copepod biomass generally followed the time series trend for density, but high values could be attributed mostly to the larger copepods such as C. finmarchicus.
Three-panel figures for copepod density, copepod biomass, and temperature are arranged by the three grouping of years as for cod SGR, each panel showing the bimonth mean values with 95% standard error confidence intervals by area ( Figures 6 -8 ).
Mean copepod density generally increased uniformly from EGB to MAB for all months except for May-June 1990-1999 ( Figure 6 ). Copepod density was lowest during 1978-1989 for all bimonths, increasing slightly from EGB to MAB; highest during 1990-1999. During May-June 1990-1999, copepod density was highest for EGB, WGB, and GOM (1500 -2300 m 23 ), but decreased in 2000-2006 (1000-1300 m 23 ); however, SNE and MAB increased to their highest values (1600 -2000 m 23 ).
Mean copepod biomass increased from January-February to May-June, but the trend varied during the three periods (Figure 7) . The 1978 The -1989 March-April period had the lowest biomass across all areas compared with the more recent periods. The GOM biomass increased significantly during 1990-1999 May-June, whereas the other areas stayed about the same as during [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] . Then in May-June 2000-2006 the SNE and MAB biomass increased significantly to the same high biomass as for the GOM.
Mean temperature trends were relatively consistent and low during January -February (5 -68C), increasing slightly in March -April (6-78C) and warming significantly during May-June (8-138C) (Figure 8 ). During January -February and March -April, temperatures were about the same from EGB to SNE and slightly warmer in the MAB. Mean temperatures across areas were slightly warmer (1 -28C) during May-June 1990-1999 compared with the other two periods, which were more similar. 
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Copepod four species density, all areas, bimonth time series
The percentage density of the four copepod species presented in Figure 9 was created to show area and year differences on a relative scale. The percentage contribution of the four species to the total copepod density showed considerable variability (Figures 9a-d) . Calanus finmarchicus percentage generally was highest in the north (EGB) and decreased uniformly to the south (MAB) for all bimonths and could contribute .50% in many areas (Figure 9a ). Percentage abundances were highest for the GOM and higher in all regions during the years 2000 -2006. Pseudocalanus spp. percentage contribution was generally between 20 and 40% and similar among bimonths, areas, and years except March -April 1978 -1989 where its' contribution rose to 40 -60% for GOM, SNE, and MAB (Figure 9b ). Centropages typicus generally had increased percentage contribution from north (EGB) to south (MAB), the inverse of C. finmarchicus (Figure 9c ). Highest percentages occurred during Jan-Feb (30 -70%) in all areas during 1978 -1989 and 1990 -1999 . During 2000 the January -February contribution decreased for EGB, WGB, and GOM to low values, while the SNE and MAB remained high. In March -April, the high percentage contribution was high only for MAB. In May -June, the high percentage contribution was high for EGB, WGB, and MAB only during 1990 -1999. Centropages hamatus only made minor contributions and appeared on EGB and WGB in May-June, but amounting to ,12% (Figure 9d ).
Juvenile cod growth in relation to age-1 recruitment
GAM analysis for the response variable Georges Bank cod recruitment-at-age-1 (cod age-1 R) correlated strongest with juvenile May-June SGR, Age-0 mean length, the change in length Age-1/ 0, and May-June temperature ( Figure 10) . The best fit for these variables had an R 2 of 87.5% ( Table 2 ). All variables were significantly different (p , 0.05) than the generalized linear model and thus supporting their non-linear importance to the GAM. All observations of the partial residuals are within or close to the 95% confidence band. The juvenile May -June SGR had a dome-shaped response between 8 and 11 before declining to 13% d 21 SGR. The dome response can be considered an optimum growth rate between 8 and 11% d 21 given the conditions at this time and location. Age-0 mean length had a positive trend over the range 7 -17 cm. The change in length Age-1/0 also was dome-shaped from 7 to 17 cm with a peak near 13 cm. The May-June temperature was positive from 9 to 118C. The variable Copepod density was added to two models. The best GAM R 2 0f 92.1% added the juvenile May-June SGR, change in length Age1/0, and May-June temperature and copepod density. Copepod density increased from 200 to 1000/ m 3 , then decreased after 1500/m 3 based on two points, which may be outliers. Some of the other models presented did not yield as good a fit.
From the GAM analysis, we can infer there is some basis for a general non-linear relationship between cod age-1 recruitment and the mean length and potential growth of the pelagic juveniles, May-June temperature and copepod density. Forecast of more : 1978-1989, 1990 -1999 and 2000 -2006 . Vertical bars denote standard error 0.95 confidence intervals. This figure is available in black and white in print and in colour at ICES Journal of Marine Science online. 2558 R. G. Lough and T. Kristiansen recent years did not have measurement of the juvenile May-June SGR data and the same survey coverage of the copepod density, hence simpler models might be more appropriate using Age-0 and Age-1 mean length and May -June temperature. The GAM models included only 17 observations from the years 1978-1983, 1985-1988, and 1999-2006 and may not be representative of the full 29-year time series if data for all years were available.
The best fit from the GAM analysis for the response variable Georges Bank cod recruitment survival (R/SSB) had an R 2 of 80.7% (Table 2) , the same model used for the recruitment-at-age-1 above. Recruitment survival was correlated strongest with the positive linear trend of Age-0 mean length. However, the observed residuals from the models were too scattered to provide any meaningful confidence limits (not shown). Also, none of the variables were significantly different (p . 0.05) than the generalized linear model. Thus, the usefulness of these GAM models for recruitment survival is limited.
Discussion
This study has shown how juvenile cod growth rate increases significantly on the Northeast US Shelf as spring progresses, where growth is attributed to the seasonal increase in copepod density and temperature, generally propagating from south to north. Also, the 1990-1999 warm years had the highest growth compared with the cooler 2000-2006 years and colder 1978-1989 years of similarly lower growth. Modelled growth for the 12 -18 mm cod pelagic juveniles were in the approximate range of expected rates based on late larval projections . Since the estimated potential growth rates were in the range of literature values for the 15-mm pelagic juvenile cod, one can conclude that the absolute density of the copepods collected from the field surveys and the functional feeding response in the model are reasonable. Growth optimum for larval and juvenile cod depends on both temperature and prey abundance since an increase in temperature increases metabolism, which also requires more prey until an ingestion capacity is reached . The simulations also indicated that the suitable copepod life stages caught by the sampling gear were still not sufficient in many years to support positive growth for the 12-mm fish. While Oithona spp. are not retained by the sampling gear mesh and not included in the simulations, the adults and older copepodite stages can still contributed to the pelagic juvenile cod gut prey biomass (Auditore et al., 1988) . Oithona spp. (mostly similis) are commonly found throughout the northeast shelf region, generally low in abundance during winter in the GOM and increasing in abundance during spring on Georges Bank (Durbin and Casas, 2006) .
Low salinity discharges from the Arctic (Greene and Pershing, 2007) , particularly during the 1990s, appeared to have maintained water column stratification of the North Atlantic Shelf Waters. These conditions extended the phytoplankton growth season through autumn and into winter, and it was hypothesized that favourable-feeding conditions led to an increased abundance of : 1978-1989, 1990 -1999, and 2000 -2006 . Vertical bars denote standard error 0.95 confidence intervals. This figure is available in black and white in print and in colour at ICES Journal of Marine Science online.
Spatial heterogeneity of zooplankton leads to interannual variation in juvenile fish growth the smaller copepod species (see Greene et al., 2013) . However, Hare and Kane (2012) found the correlation between salinity anomalies and the copepod community structure did not persist from time series observation after the 2000s in the GOM. In a different study, Ji et al. (2013) assessed the sensitivity of Pseudocalanus spp. and C. typicus populations to bottom-up and top-down forcing in the GOM and Georges Bank regions from the same time series of MARMAP/EcoMon surveys 1977-2006. Results from the coupled model with full population dynamics showed that the populations were more sensitive to changes in mortality rates than phytoplankton bloom magnitude and timing. Total potential predators included chaetognaths, hpyperiids, gammarids, euphausiids, fish larvae, and mysids, but not gelatinous zooplankton. Top-down control of the copepod populations proposed by Frank et al. (2005) , the trophic cascading hypothesis, is that overfishing of the large demersal fish populations on the Scotian Shelf led to an increase in planktivorous fish such as herring that feed on large copepods C. finmarchicus. However, herring remained high in the early 2000s on Georges Bank even as the predator population increased. Top-down control may be more important for the GOM populations than those on Georges Bank.
Although Friedland et al. (2013) The preferred prey/fish size ratios for 15-mm (and 18-mm) pelagic juveniles reached a plateau during the 1990s (Figure 5) , which corresponded to the high May-June cod growth period (Figure 4 ). There is some correspondence to the May-June copepod density during the same period ( Figure 6) ; however, not for copepod biomass (Figure 7) . The ratios suggest that 12-mm cod were able to feed on larger, more energy rich prey in early 1990s, compared with those after 1995, when the relative size ratio declined and the larvae had to feed on smaller prey. The work of Spatial heterogeneity of zooplankton leads to interannual variation in juvenile fish growth 2561 Kane (2007) and others using the same zooplankton time series identified four temporal zooplankton communities: pre-1980, 1980-1990, 1991-2000 , and post-2000. The 1990s was a period of smaller zooplankton. The 12 mm fish showed smaller prey being eaten during the early 1990s in all areas except for the GOM (Figure 5 ). However, the 15 and 18 mm pelagic juveniles ate larger Figure 10 . GAM additive effects for the four variables for the response Cod age-1 Recruitment partial residuals. The spline line is fitted to the partial residuals of the observed values (circles) with 95% confidence band (dashed). See Table 2 for details.
Spatial heterogeneity of zooplankton leads to interannual variation in juvenile fish growth prey during this same period in all areas. The 15 and 18 mm patterns were very similar to the 18 mm fish eating slightly larger prey. If large prey were available and large sizes of C. fimmarchicus were more frequent than Pseudocalanus spp., then the larger prey eaten were mostly C. finmarchicus and the smaller prey Pseudocalanus spp. The reason the juveniles fed mostly on smaller prey in the 2000s is probably because these items were more abundant in the water column compared with larger prey.
Cold years 1978-1989
Pelagic juvenile cod growth was similarly low and consistent during January -February and March-April 1978-1989 across all areas; however, growth increased significantly during May-June and from EGB to MAB (Figure 4) . During 1978 During -1989 , SGR followed the increase in copepod density for all bimonths, but not copepod biomass as closely.
The June1986 and 1987 field observations are mentioned here because they are the only surveys where both larvae and pelagic juveniles were collected (Lough, 2010) . Abundance estimates for each stage indicated a marked decrease in abundance in the 1986 cohort between the 9 -11 mm larvae and the 20 -50 mm pelagic juveniles, whereas in 1987 the stage abundances stayed about the same (Lough, 2010) . Modelled SGR for 15-mm cod was lower in May-June 1986 than 1987 for both EGB (4.50, 6.16% d 21 resp.) and WGB (7.59, 8.03% d 21 resp.), consistent with recruitment survival (0.35, 0.41 resp.). There was also a decrease in copepod density and biomass in 1986 for May-June EGB and WGB, relative to 1987 and 1985. Pelagic juvenile cod as well as larvae were located more on the flank of EGB in June 1986, whereas in June 1987 they were distributed mostly across the shoal, central part of WGB. The highest simulated growth rates (.6% d 21 ) generally occurred on the western half of Georges Bank, especially in 1987 ( Figure 11 ). In 1986, the higher growth rates also extended from the Northeast Peak along the southern flank aligning with the larval and pelagic juvenile distributions. The relative contribution of C. typicus increased from 5.2% on EGB in May-June 1986 to 36.4% on WGB in May-June 1987 (Figure 9c) . Centropages typicus, a warm-water species, typically has a low relative contribution on EGB (,5%) but higher (.30%) near the coastal areas such as WGB. The higher estimated cod growth may explain the greater survival of the fieldcaught pelagic juveniles in June 1987.
The relative contribution of C. typicus was also particularly high, 30 -70%, in January -February in all areas during 1978 -1989 and 1990 -1999 , but only for WGB, SNE, and MAB during 2000 If C. typicus is an important potential prey for pelagic juvenile cod in these areas, then spawning earlier in the season may promote better growth and survival and potentially recruitment. This does not rule out other beneficial months since large numbers of C. typicus also occurred for EGB and WGB during 1990-1999. Nevertheless, the highest overall growth of the pelagic juvenile cod occurred in the simulations during May-June, the result of contributions of all four copepod species and the seasonally high temperatures. Higher temperatures promote higher growth as long as there is sufficient prey to meet the increased metabolism. The higher growth is consistent with the higher average prey size during the 1990s ( Figure 5 ). The importance of C. typicus for the pelagic juveniles contrasts the importance of Pseudocalanus spp. for growth during the larval stages (Buckley and Durbin, 2006; Broughton and Lough, 2010) . The stages of C. typicus are larger than those of Pseudocalanus spp. and would provide more biomass.
Warm years 1990-1999
Mean temperatures during January -February and March-April 1990-1999 were similarly low across the areas with a slight rise in MAB (Figure 8 ). During May-June temperatures increased significantly from north to south, EGB to MAB, and they were a couple of degrees higher compared with May-June in 1978 -1989 . Potential juvenile cod growth rates increased significantly in May-June and were more uniform across the areas compared with the 1978-1989 period (Figure 4) . The higher growth rates were related to the increased copepod density for EGB, WGB, and GOM ( Figure 6 ), but only an increased biomass for GOM ( Figure 7) . Potential growth of the larger pelagic juveniles continued to increase with temperature because they were not food limited by capturing the larger potential prey that the smaller larvae cannot.
Although the 1990s were relatively warm years, the greater larval and pelagic juvenile growth in 1998 compared with 1995 was related more to an increase in suitable copepod prey. Buckley and Durbin (2006) found that greater growth of Georges Bank larval cod in spring of 1998 and 1999, compared with 1995-1997, was highly correlated with the increased abundance of their principle prey Pseudocalanus spp. Their estimated growth rates approached 8-10% d 21 for an 8 mm larva at 78C, whereas our simulated growth rates for 12 mm cod were in the 12-14% d 21 range during May-June 1998 and 1999 for EGB and WGB. Growth rates were consistently higher on WGB than EGB due to higher abundance of prey and higher temperatures. Juvenile growth simulation plots were only available for the 1995 March-April period due to a minimum number of stations required. Growth rates for the 12, 15, and 18 mm fish were low (,7% d 21 ) across the bank for all sizes, but strongly spatially varying for 12 mm fish ( Figure 12 ). Higher growth rates were distributed along the southern flank extending to the western half. The same pattern was observed in 1996 (not shown).
In 1998, growth simulations were available for March -April and May-June (Figure 12 ). In March-April, the highest growth (4-7% d 21 ) for the 12 and 15 mm fish extended across the southern flank onto WGB, but ,4% d 21 for the 18 mm fish. However, 12 mm fish growth rates showed considerable spatial variation compared with larger sizes. In May-June, very high growth (.7% d 21 ) was simulated across all of Georges Bank for all three sizes of fish. The 12 and 15 mm fish had very high growth (.8% d 21 ) on the shoals that appears wrapped around a shelf-slope water intrusion. The greater pelagic juvenile cod growth, especially during May-June 1990-1999, was due to the combined abundance of the four contributing copepods along with the higher temperatures in increased metabolism. Pseudocalanus spp., a preferred prey, occurred in lesser abundance; however, the capture of the larger C. finmarchicus, although not with the same frequency, contributed substantially more biomass for growth.
Cool years 2000-2006
Mean temperatures during January -February and March -April 2000 -2006 were similar to the previous periods but cooler during May -June across all areas similar to the 1978 -1989 period (Figure 8 ). Pelagic juvenile cod growth during 2000 -2006 was lower from the previous period, except for MAB ( Figure 4 ). Mean copepod density and biomass in March -April was similar to the previous period with a slight rise in GOM (Figures 6 and 7) . In May -Jun, copepod density was lower in EGB, WGB, and GOM and higher in SNE and MAB than during the 1990 -1999 period. Copepod biomass remained high for GOM, SNE, and MAB.
A significant decrease in GOM May-June cod SGR occurred from 1990-1999 to 2000-2006, from 13% to 6%d 21 , coinciding with a slight decrease in copepod density, but not copepod biomass. The low growth for cod in the GOM during May-June 2000-2006 was apparently due to the low abundance of all four copepods, although C. finmarchicus was still the greatest contributor for most bimonths in the GOM. One possible reason for the reduction in growth rates could be that the in the model, very large prey items are difficult to capture, and the handling time increases strongly. Potentially, the lack of smaller prey to feed on is a bigger loss than the positive increase in many very large prey items. Average GOM temperature for May-Jun 2000-2006 was 28C cooler than during 1990-1999.
Juvenile cod growth and age-1 recruitment
The hypothesis is explored that the higher potential growth of the pelagic cod juveniles together with the increased change in mean length of the age-0 demersal juveniles results in a more recruits. The growth/size hypothesis is supported by the GAM analysis for selected years; however, the limited data preclude its use as a predictive model at this time. A high larval or pelagic juvenile growth rate is not necessarily a predictor of high recruitment since there is still the long duration of the demersal stage when significant predation can occur. Growth and mortality rates derived from field surveys may not be closely related because when prey and temperature are optimal for high growth, more of the slower growing fish may survive. For example, there was no clear relationship between the 12-and 18 mm growth rates in 1986-1987 and age-1 recruitment. Recruitment was only slightly higher in 1987 compared with 1986 (24.5 vs. 16.4 × 10 6 ) despite the greater survival of the pelagic juveniles. The estimated demersal juvenile mortality was 2.57% d 21 for 1986 and 2.04% d 21 for 1987, suggesting that predation mortality in the pelagic and demersal juvenile stages may have been the proximate cause (Lough and O'Brien, 2012) . In contrast, the 1998 age-1 cod recruitment was higher than in 1995 (12.8 vs. 5.9 × 10 6 ), consistent with the larval and juvenile growth differences related to prey abundance.
Because of considerable variability in survival during the egg and larval stages, the size of the year class can be more accurately sampled during the juvenile stages closer to recruitment. In a recent study, Stige et al. (2013) attempted to predict recruitment of five fish stocks of four species in three ecosystems from the indices of early life stages and environmental correlates. In some cases, recruitment predictions were better based on the larval stage than the juveniles, most likely due to under sampling. They concluded that incorporating environment correlates into models could improve predictions, but only for certain periods since the relationships were non-stationary.
Summary
This study estimates potential growth for the pelagic cod juveniles over an extensive regional time series of plankton and temperature observations. The NEFSC's time series of zooplankton on the US Northeast continental shelf was used to estimate the potential growth of cod pelagic juveniles over five areas and three bimonths (January-February, March-April, and May-June). An IBM specifically parameterized for the pelagic stage was used to estimate the spatial and temporal variation in growth potential across the region. Appropriate size potential prey were identified from published, field-caught pelagic cod guts. Seasonally, cod growth increased in May-June coinciding with the increase in zooplankton prey and water temperature. The warm years of 1990-1999 had the highest growth compared with the cooler 2000-2006 years and colder 1978-1989 years of similarly lower growth. Growth generally increased with temperature and was not food limited due to the increase of larger prey available to the larger pelagic juveniles, compared with the smaller larvae. Spatially, mean growth generally increased from north to south, but varied within areas depending on the species abundance over the time series. A significant finding was that C. typicus, a more southern species, could be the more important prey for juveniles in the coastal areas in contrast to the importance of Pseudocalanus spp. for the larvae. Georges Bank cod age-1 recruitment was positively related to juvenile growth for some years. Implications from this study suggest that regional warming may have some potential positive scenarios for cod recruitment.
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